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SUMMARY
The bulk of the astronaut's radiation exposure in space is due to
trapped protons and secondary neutrons, protons, and alpha particles
from local nuclear interactions. The respective Linear Energy Trans-
fer (LET) distributions are such that large fractions of the combi-
ned absorbed dose (AD) require Quality Factors (Q's) greater than
1.0 for converting AD's to dose equivalents (DE's).
A combined TLD/Emulsion method is pr, ased which measures the AD ac-
curately with TLD (Thermoluminescen Dosimeter) chips yet merely
samples	 : LET distribution with a plain proton ender count and the
star frequency as anchor points. It is shown that the evaporation
star model of Powell fits actual star and ender counts of past Apol-
lo missions quite satisfactorily and that mission DE's can be assem-
bled from combined TLD and emulsion data.
While the contribution of HZE particles to the AD is fully accounted
for by the TLD readings, the DE cannot be determined because official
rules and regulations do not define Q valuEs for the extremely high
LET of HZE particles. In the absence of such directions, it is pro-
posed to sample the fluence of heavy particles by means of an HZE
particle ender count and make it part of the exposure record for
possible later interpretation.
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INTRODUCTION
"Sampling Dosimetey" is a generic term denoting any method which re-
cords only selected representativR parameters of a complex radiation
field and establishes the total dose from known spectral characteris-
tics. The particular meths-; proposed in this study for Shuttle Orbi-
ter operations would apply TLD (T hermoluminesce:it Dosimeter) chips
and at least one sheet of nuclear emulsion. While the TLD component
will record the absorbed dose (AD), the track population in the pro-
cessed emulsion will reflect the particle make-up and Linear Energy
Transfer (LET) distribution for determination of the mean Quality
Factor (Q) and the dose equivalent (DE). The system has the unique
advantage that the retrieval of emulsion data in the post-flight
evaluation remains flexible within wide limits depending on the de-
gree of accuracy and the corresponding scanning effort which one
would want to select.
The method is an outgrowth of many years of experience gathered
throughout the manned space programs from Mercury to Apollo-Soyuz.
Public awareness and concern for radiation hazards have increased
throughout those years while, at the same time, basic questions con-
cerning the biological effects of low-level exposure to ionizing ra-
diation have remained unanswered. Continued accurate record keeping
of personnel exposures, therefore, would seem a mandatory require-
ment for future manned space operations. The proposed system attempts
to simplify the complex monitoring methods used in the past to a more
manageable level yet one which which still would meet minimum stan-
dards.
The use of nuclear emulsion containing the heavy elements silver
(Ag, Z = 47 9 A = 108) and bromine (Br, z = 35, A = 80) for tissue-
equivalent (TE) dosimetey finds its justification in the particular
make-up of the radiation environment in space. Produced almost ex-
clusively by nuclear particles, the astronaut's radiation exposure
can be established quite well in TE terms from the track population
in an emulsion sheet placed on the body. In fact, nuclear emulsion
appears uniquely qualified for the task because of the added advan-
tage of furnishing a permanent record which can be read and re-read
many times.
THE PROTON DOSE EQUIVALENT
Lisualizing a sufficiently thin emulsion layer in a TE cover directly
on the astronaut's body, one readily sees that particles of medium
and high energies traversing the emulsion with little change in
their respective energies produce a track population which reflects
the true tissue dose in the body surface itself. It is also obvious
that the origin of the particles, whether they are galactic or trap-
ped primaries or locally produced secondaries, is irrelevant as far
as the tissue dose is concerned.
Problems develop for particles of low energies, especially protons,
enter;_ng the emulsion from the outside yet terminating within (so-
called enders) because theydo not fulfill the condition of insigni-
ficant energy loss in the emulsion. However, since the Stopping Po-
wer of emulsion for protons is about twice that of tissue, the fre-
quency of proton enders in a tissue layer replacing the emulsion
would simply be half the one recorded in emulsion and the DE can
still be assessed accurately.
More complex is the problem with enders originating in so-called
stars, i.e., in nuclear interactions occurring in the emulsion layer
itself. About 75 per cent of all emulsion stars represent disinte-
grations of Ag or Br nuclei. That means their prong number distribu-
tions differ greatly from those of stars released in the gelatin ma-
trix. Since the average prong number per star is higher for target
nuclei with higher Z numbers, the contribution of Ag and Br stars to
the total prong population is even substantially larger than 75 per
cent. Star prong enders, therefore, have to be rejected in the ender
count. This -equirement has imposed, upon the complete emulsion
scans of the past, a heavy penalty in man-hours at the microscope
inasmuch as every ender not only had to be tallied but also traced
back to its point of origin, sometimes through many visual fields.
In sampling dosimetry, this time-consuming; step is completely elimi-
nated.
Because of its fundamental importance for the understanding of the
interactions of the primary cosmic radiation with matter, the :tar
phenomenon has been very thoroughly investigated. Powell, Fowler,
and Perkins (1) have reviewed the subject with particular emphasis
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on star formation in emulsion. Two types of disintegration stars are
usually distinguished: evaporation stars resulting from nuclear in-
teractions of primaries with energies up to several hundred Mev and
knock-on stars packing higher energies up to many Gev. Reflecting
the degraded local energy spectra of trapped and galactic protons,
star counts in emulsions flown on manned missions have consistently
shown disproportionately greater numbers of evaporation stars.
Powell and co-workers arrive at respective emission ratios of 8 to
4 to 1.6 for secondary neutrons, protons, and alpha particles from
evaporation stars. They also present exact energy spectra for the
three types of secondaries. The spectra have been reproduced in an
earlier report (2) when-e they are applied to star counts of the A-
pollo-Soyuz mission. In a _mA ,-ond report (3), the corresponding range
spectra are presented and evaluated in terms of complementary proba-
bilities for a star prong en:Iing within the emulsion layer or leav-
ing it.
For sampling dosimetry, a quantity of special interest is the mean
prong number per star because it allows determination of the grand
total prong Number from the plain star count. That means the extre-
mely time-consuming process of prong-counting every star is no longer
needed. Table I summarizes prong count data collected in complete
emulsion scans for six selected Apollo missions. It is seen that the
mean prong number per star varies within acceptable limits about a
grand total mean of 5.00 prongs per star.
It should b- r_:entioned at this point that, in a normally developed
Ilford F.% emulsion, proton and alpha enders can be distinguished
only ;.^ coherent track zegments of at least several hundred microns
are available. :shorter proton and alpha enders would appears diffe-
rently only in a heavily underdeveloped ? ,..2 emulsion. In the present
context, where both ?-.inds of enders are to be rejected, the lack of
discrimination is of no consequence as long as the combined total
numbr,r car; be determined accurately. This condition can be met by
applyin;_, tht- aforementioned probability o ,.'' ending in emulsion to the
u:;differentiated total prong count which, in turn, is obtained as
the product of the mean prong number per star and the star count.
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Explicitly carrying out the just indicated operation, we go back to
Deference 3 and find the respective probabilities for proton and al-
pha prongs ending within a 100 micron emulsion as 0.10 and 0.35.
Weighting them with the relative abundances of 4 and 1.6 for proton
and alpha prongs, we obtain a mean probability of
(4 x 0.1 + 1.6 x 0.35)/5.6 - 0.17.	 In other words, 17 per cent of
n
all prongs originating stars in a 100 micron emulsion end within it.
Naming the mean star frequency per mm` area of a 1:)0 micron emulsion
S and multiplying by the mean prong number per star of 5.0, we expect
a total of 0.17 x 5.0 S - 0.85 S star prong; enders per mm 2. Table II
shows that this theoretical frequency agrees well with actually re-
corded values for the star po • ..lations listed in Table I. In judging
this statement one shculd3rmember that the theory of nuclear eva p o-
ration is based on thermodynamic analogies and cannot be expected to
be accurate down to the last numerical detail. The proposed simpli-
fied method of assessing the frequency of star prong enders from the
plain star count thus appears sound.
4s mentioned above, enders originating in the material enveloping
the emulsion represent legitimate contributors to the true DE in
the body surface beneath the emulsion. I'G a.s obvious that the a-
ssessment of the DE from these enders does require specific infor-
mation on the proton/alpha ratio. 'ale approach this problem by assum-
ing, as a first step, that all enders are protons, and then correct-
ing, as a second step, for the additional DE from alpha prongs.
Applying the relationships between range, energy, and TYT for pro-
tons in tissue, we compute first the high-LET fraction for the full
ender count. Official regulations assign -G I s above 1.0 to LET values
above 3.5 kev/ micron tissue. Protons exceed that threshold for
energies below 10 Kiev corresponding to path lengths of 560 microns
in emulsion or 1 .170 microns in tissue. 'Phis shows that the high-LET
fraction of a proton exposure is limited to the terminal sections of
the tracks. It is .^een, then, that the count of proton tracks, in
sampling; dosimetry, can be limited to enders Since the total J+) of
the proton exposure is already accounted for in the TLD, readir,,;s.
Converting the officialrJLET relationship to the JE function for
protons (shovm in the lower graph of Figure 6 in reference 5), we
find by numerical inte-ra.tion a mean :r of 3.0 for a 10 Mev proton
spending its full energy in tissue. Calling R the mean ender frc-
t}
quency per mm  of 100 micron emulsion as it follows from the raw
scores of the scan and correcting for star prongs, we obtain the
true frequency N of enders entering the emulsion from the outside
as N R - 0.85 S. Since tissue has only half the Stopping Power of
emulsion, the corrected ender frequency for tissue equals 0.5 N.
Setting the enargy dissipation of 1 Mev per cm 3
 tissue equal to an
AD of 0.016 microrads, we obtain the DE from proton enders as
DP = 104
 x 10 x 3.0 x 0.5 x 0. 016 N microrems = 2.4 millirems. Re-
placing the 4 of 3.0 by 1.0, we find the corresponding AD as
AP
 = 0.8 millirads. The difference of the two quantities:
X  = (2.4 - 0.8) N = 1.6 N milli(rems - rads) could be called the
excess DE. It represents the quantity to be added to the AD for ob-
taining the DE. Since the AD is always accurately accounted for in
the TLD readings, it is advantageous to express all high-LET frac-
tions of the exposure in terms of their excess DE's.
THE ALPHA DOSE EQUIVALENT
The foregoing evaluation disregards the fact that a sizeable frac-
tion of the ender popul^_tion consists of alpha particles
rather than protons. While many enders are trapped protons, i.e.,
true primaries entering the vehicle from the outside, others are
secondaries from nuclear collisions, mostly evaporation events, in
the local hardware, especial]. in the TE material of the dosimeter
casing. These _secondaries represent a mixture of protons and alpha
particles in the ratio of 4 : 1.6 or 2.5 : 1.0. Since trapped pro-
tons and evaporai.-ion stars are essentially unrelated, the percentage
of alpha particles can vary considerably depending on orbital para-
meters. Therefore, the percentage has to be determined separately
from the star count.
Methods of assessing the fraction of gelatin stars in a population of
emulsion Etas have been reviewed in an earlier report (4). As pointed
out there, the `Telatin matrix_ occupies half the total volume of un-
prc:=eZ' r_sed emulsion yet accounts for only - -'6
 
per cent of the tota'.
cros-- section for star formation. That means 100 per cent gelatin
offers only 52 per cent of the interaction cross section of an equal
volume of emulsion. Furthermore, the mean prong number per star chan-
ges from 5.0 for emulsion stars to 3.7 for gelatin stars.
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Less reliable is the available information on the neutron/proton/
alpha ratio and the respective energy spectra for gelatin stars. The
theory of nuclear evaporation applies thermodynamic concepts to the
"gas" of nucleons in an excited nucleus after collision. That means
the energy distribution of the nucleons "boiling off" are arrived at
by statistical analysis. For Ag and Br with Mass Numbers of 108 and
80, the validity of the statistical model appears well assured. For
nuclei with a mean Mass Number of 14, however, the applicability of
the model is more limited. Nevertheless, with no experimental data
on the energy spectra of secondaries from tissue stars available yet,
a modified Ag Br star model offers itself as the only approach to an
approximate solution. Above all, a downward adjustment of the mean
number of neutrons per star appears indicated because of the smaller
neutron/proton ratio in nuclei of lower Mass Numbers. However, no
such adjustment would appear necessary for the proton/alpha ratio.
As we did before for evaluation of the high-LET fraction of the pro-
ton dose, we convert the official (VLET relationship to the E/LET
function for alpha particles in tissue and apply the latter to the
energy spectrum of star-produced alpha particles shown in Figure 1
of Reference 2. Numerical integration furnishes a mean energy of
19 Mev and a mean 2 of 10 for alpha prongs. As derived above, a to-
tal star count S in emulsion corresponds to a tissue star count of
0.52 S for equal volumes of the two media. A mean prong; number of
3.7 for tissue stars and a proton/alpha ratio of 2.5	 1.0 furnish
a mean number of 1.06 alpha prongs per star or 5,500 S alpha proi.gs
per cm 3 tissue. Multiplied by the mean energy of 1 1) Mev per prong,
the frequency corresponds to an AD of 1.67
	
mrads or, for a	 of
10, to a DE of 1C.7 S m remo yielding an excess Di, of 15 S milli
(remo - rads). :3)inr.r the 5,500 alpha prong- were treated erroneous-
ly as protons in the earlier asseccment, the corresponding proton hF
has to be subtracted. For an energy of 10 I-1ev and a
	 c 3. I per
prong, we obtain a llr; of P.C.	 mrerr: and an erce!^"3 I)1 ,; of 1.7C mi1.11
(rems - rads). ''ie arrive, then, at a corrected excess ll:: of Y;
a
N 13	 milli.(remc - rads) for the alpha component.
<,
THE NEUTRON DOSE EQUIVALENT
Evaporation stars do not only produce protons and alpha particles
which are readily identifiable as visible prongs in emulsion, they
also constitute a prolific source of fast neutrons. In fact, nuclear
interactions in the local hardware and the astronaut's body account
for the bulk of the neutron fluence in a space vehicle in orbit.
Since the neutrons themselves do not leave any visible traces in
emulsion and undergo, at the same time, an extremely complex process
of energy degradation, exact determination of the neutron DE pro-
bably is the most difficult problem for radiation monitoring in
s:jaee. The various aspects of the issue are examined in an earlier
report (5). As pointed out there, the star count in emulsion offers
itself as a workable compromise for a semi-quantitative assessment
of the neutron DE if one wants to avoid the use of extraordinarily
complicated instrumentation.
It has been mentioned above that, in assessing the tissue star dose
from the star count in emulsion, the mean number of neutrons per Ag
Br star should be reduced because of the smaller neutron/proton
ratio of nuclei of TE material. A change of the neutron/proton/al-
pha ratio from 8 : 4 : 1.6 for emulsion stars to 6 : 4 : 1.6 for
tissue stars should represent a well balanced estimate. We note that
the revised ratio corresponds to a neutron/visible-prong ratio of
6 to 5.6. We obtain, then, for a mean number of 3.7 visible prongs,
a mean number of It neutrons per tissue star.
Numerical integration of the energy spectrum of star-produced neut-
rons shown in Figure 1 of Reference 2 furnishes a mean matron energy
of 8 Mev. A count of S emulsion stars per mm  of 100 micron emulsion
corresponds to a tissue star frequency of 5,200
	 stars per cm3 or
r.i fluence of C'0,800	 neutrons- per cm,
 tissue. Applying the mean
energy of 6 f;ev and a Gj of 10 and using the conversion factor of
1 Mlev per cm^ tissue equaling 0.016 microrads, we arrive at a neutron
DR of 27 S mrems and an excfss DE of 24 S milli(rems - rads).
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Addendum after page 7:
It should be noted that the method of computing the local neutron
dose by simply taking the number of neutrons generated per unit
volume and multiplying them by their energies furnishes an upper-
limit value which would be reached only in the interior regions
of a large tissue phantom where equilibrium conditions prevail.
For the energy spectrum of evaporation neutrons with 80 per cent
of the fluence concentrated between zero and 10 Mev, the attenu-
ation coefficients for tissue are such that the indicated equi-
librium dose will be closely approximated in a target of the
size of the human body. Moreover and most importantly, in esta-
blishing the neutron dose from tissue evaporation stars only,
one completely disregards the neutrons from a number of othcr
interactions within as well as outside the body. Therefore, the
equilibrium dose from tissue stars is more likely to reprf:sent
a lower-limit estimate of the total neutron dose.
CONCLUSION
Having determined the excess DE's for protons, alpha particles, and
neutrons, we establish the total dose equivalent D by adding the
three quantities to the total absorbed dose A as it follows from the
TLD readings and obtain the expression:
D= A + X p + X a + X n or
D - A + I.5 N + 13 S + 24 S millirems.
The alpha and neutron contributions of 13 S and 24 S are not consoli-
dated to a single term because they have been arrived at in very
different ways. While the alpha term is based on fairly reliable in-
formation concerning visible star prongs, the neutron DE is estab-
lished from theoretical concepts and qualifies only as a semi-quan-
titative estimate. It is appropriate, then, to keep the two contri-
butions separate for a realistic appraisal of their respective
shares in the mission DE.
It seems of special interest to apply the proposed method, i.e.,
the just establi;;hed formulas to the TLD readings and emulsion
counts of the lunar micz,!ans in Tables I and II. The results are
presented in Table III. Column 3 lists the TLD readings o,. the mis-
sion doses as they are reported in an official NASA publication (6).
All other data are based on the counts of proton enders and stars in
K.2 emulsions. The striking feature of Table III is the large contri-
bution of tissue stars to the DE and, in turn, the large part of
this contribution produced by neutrons. The fact that exactly the
neutron DE can be assessed only from indirect evidence injects a
note of discomfort and emphasizes once again the urgent need for
further experimental work on the neutron problem (7).
Finally, an explarantior, is needed for the omission of the contri-
bution of HZE particles to the mission DE. ro be sure, the All from
the component in question is priperly accounted for in the TT,D read-
ings. However, proceeding from there to the DE encounters the prin-
cipal obstacle that official recommenuations exprez,^ ly exclude HZ,r;
particles from the application of conventional dosimetric concepts
and units. It is sometimes suggested to apply a constant C of 20 to
all radiations with an LET above 17 11, kev/micron T. however, such
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an evaluation would not at all do justice to the problem. Theore-
tical and experimental
	
_4.tes have made it abundantly clear that
energy density rather than LET is the relevant -nagnitude for under-
standing and quantitating the action of HZ, particles on yissue.
Analyzed in terms of energy density, HZE particles are found to ex-
ceed the densities of conventional nuclear radiations only with
smaller fractions of their total AD. Typical energy density dis-
tributions are presented in an earlier report (8). They show that
abnormally high energy densities are limited to the terminal sec-
tions of the tracks. This circumstance suggests counting HZE par-
ticle enders as appropriate sampling technique similar to the count
of proton enders. In the absence of official guide lines on per-
missible exposure, such a count should be made part of the exposure
record for possible later interpretation when official recommenda-
tions will be set forth.
9
REFERENCES
1, Powell, C. G., Fowler, P. H., and Perkins, D. H. The Study of
Elementary Particles with the Photographi o Method.
New York: Pergamon Press, 1959.
2. Schaefer, H. J. Nuclear Emulsion Measurements of the Dose Contri-
bution from Tissue Disintegration Stars on the Apollo-Soyuz Mis-
sion. Faculty of Physics, University of West Florida. Pensacola,
Florida, 1977.
3. Schaefer, H. J. A Note on the Tissue Star Dose in Personnel Ra-
diation "onitoring in Space. Faculty of Physics, University of
West Florida. Pensacola, Florida, 1978.
4. Schaefer, H. J. and Sullivan, J. J. Nuclear Emulsion. Measure-
ments of the Astronauts' Radiation Exposure on the Apollo-Soyuz
Mission. NAMRL 1228. Naval Aerospace Medical Research Laboratory.
Pensacola, Florida, 1976.
5. Schaefer, H. J. Personnel Neutron Monitoring in Space. Faculty
of Physics, University of West Florida. Pensacola, Florida, 1978.
6. Tobias, C. A. and Grigor'yev, Yu. G. Ionizing Radiations. Chapter
12 in Part 3: Effects of Radiant Energy from Space on the Orga-
nism. Foundations of Space Biology and Medicine, Vol. II, Book 2.
National Aeronautics and Space Administration, Washington, D.C.,
1975.
7. Keith, J. E. The Neutron Dosimetry Experiment: A Part of the
Shuttle Flight Test Program. SD - 5. Lyndon B. Johnson Space
Center. Houston, Texas, 1979.
8. Schaefer, H. J. The Isodose Line Field of Cosmic Ray Heavy Nuclei
Tracks in Tissue, Faculty of Physics, University of West Florida.
Pensacola, Florida, 1977.
10
TABLE I
Star and Prong Counts in Ilford K.2
Emulsion for Selected Apollo Missions
Mission	 Stars	 Prongs	 Prongs/Star,Counted	 Counted	 Mean
Apollo 11 1180 6084 5.16
Apollo 14 585 2831 4.84
Apollo 15 852 4283 5.03
Apollo 16 404 2083 5.16
Apollo 17 1327 6365 4.80
Apollo-Soyuz 996 ,050 5.07
Grand Total 5344 26696 5.00
TABLE II
Predicted and Observed Star Prong Enders
for Selected Apollo Missions
Mission Stars/mm2# Star Prong Enders/mm 2Predicted Observed
Apollo 11 4.57 3.88 4.88
Apollo 14 9.21 7.83 5.05
Apollo 15 6.94 5.90 7.61
Apollo 16 9.06 7.70 7.15
Apollo 17 11.2 9.52 7.36
Apollo-Soyuz 2.05 1.74 2.12
# Area of 100 micron emulsion
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